Neurons form bona fide synapses with oligodendrocyte precursor cells (OPCs), but the circuit 16 context of these neuron to OPC synapses remains incompletely understood. Using 17 monosynaptically-restricted rabies virus tracing of OPC afferents, we identified extensive 18 afferent synaptic inputs to OPCs residing in secondary motor cortex, corpus callosum, and 19 primary somatosensory cortex of adult mice. These inputs primarily arise from functionally-20 interconnecting cortical areas and thalamic nuclei, demonstrating that OPCs have strikingly 21 comprehensive synaptic access to brain-wide functionally-related projection networks.
Introduction

28
Excitatory and inhibitory synapses between neurons and OPCs are well-established and the 29 ultrastructural and electrophysiological features of these "axon->glial" synapses have been 30 investigated in slice preparations, generally by evoking potentials in local fiber bundles 1-4 . neurons revealed inputs arising primarily from SSp across multiple cortical layers and thalamus 142 ( Fig 4D,E) . In contrast to OPCs residing in CC, and to a lesser extent MOs, input neurons to 143 OPCs in SSp are almost entirely ipsilaterally-restricted, and there is a small (<5%) contribution 144 of input neurons from mPFC, MOs, or MOp. As in MOs, immunostaining for markers of 145 interneuron identity revealed approximately 4% of GFP+ input neurons colabeled with PV, while 146 SOM+ or VIP+ inputs comprised 1% or less of total GFP+ inputs ( Fig 4F) . Like CC and 147 promotor cortex OPCs, the excitatory to inhibitory ratio of inputs to somatosensory cortical 148 OPCs is ~20:1, with inhibitory neurons defined by PV, VIP or SOM-expression.
150
Thalamic input neurons to OPCs arise from functionally-related thalamic nuclei 151 For OPCs in all brain regions studied, a substantial fraction of synaptic inputs arise from 152 thalamic neurons. To assess whether these thalamic inputs arise from functionally-related 153 nuclei, we registered acquired image tiles to the Allen Institute reference adult mouse brain atlas 154 21 and localized identified GFP+ inputs ( Figure 5 ). Thalamic projections providing synaptic input 155 to OPCs located in the corpus callosum underlying primary and secondary motor cortex arise 156 primarily from ventral anterior-lateral (VAL) and anteromedial (AM) nuclei, consistent with known 157 projections to motor planning territories ( Fig 5A) , along with projections from the anterodorsal 158 (AD) nucleus. Strikingly, thalamic inputs to MOs OPCs also arose primarily from VAL and AM 159 nuclei ( Fig 5B) . This is largely distinct from thalamic projections to SSp OPCs, which arise 160 primarily within ventral posterolateral (VPL) and ventral posteromedial (VPM) regions, 161 consistent with known projections to somatosensory targets ( Fig 5C) . Together, this suggests 162 that particularly in the case of cortical OPCs, these previously unidentified thalamocortical 163 synaptic inputs arise from functionally-related thalamic nuclei.
165
Total synaptic connectivity to OPCs is consistent across brain regions despite reduced input 166 neuron activity assessed, we compared the average neuronal input ratios, assessed as the slope of the best-fit 169 linear regression to total GFP+ inputs versus starter Pdgfra+/GFP+ OPCs. We found no 170 significant difference in the synaptic input ratios between OPCs in the CC, MOs, or SSp ( Fig   171   6A ). To assess whether perturbations of synaptic input activity might modify the degree of 172 synaptic connectivity, we performed daily whisker trimming of Pdgfra::CreER-(gp4-TVA) fl mice 173 for 11 days prior to tamoxifen injection ( Fig 6B) . Anticipating that input activity to the cortical 174 barrel field would be reduced in whisker-trimmed animals, we then injected SADΔG-175 EGFP(EnvA) into barrel field of trimmed and matched untrimmed control animals. 5 days after 176 viral injection, the animals were euthanized and total GFP+ input neurons and Pdgfra+/GFP+ 177 starter OPCs were quantified. We found no significant difference in neuronal to starter input 178 ratio between whisker-trimmed and untrimmed control animals as assessed by the slope of 179 best-fit linear regression ( Fig 6C,D) . Moreover, we found no significant difference in the 180 distribution of input neurons between trimmed and untrimmed animals, with primarily 181 somatosensory cortical inputs and approximately 10% of inputs arising from thalamus ( Fig 6E) .
182
Quantification of immunostaining for interneuron markers revealed PV+GFP+ inputs in equal 183 proportion (3-4%) in trimmed and untrimmed groups ( Fig 6F) , indicating an unchanged 184 excitatory to inhibitory (PV+ neuron) ratio of OPC inputs regardless of whisker trimming at this 185 time point. Taken together, neither OPC location across white and gray matter territories, nor 186 modification of input activity in barrel field by whisker trimming modified the quantity or pattern of 187 neurons providing synaptic input to OPCs. synapses has yet to clarify their potential role in modulating oligodendrocyte lineage dynamics 192 and ultimately animal behavior. In particular, prior to this work little was known regarding the 193 extent of neuronal input territories to OPCs beyond local neurons and fiber bundles accessible in a slice preparation. Using a monosynaptically restricted trans-synaptic retrograde tracing 195 system, we have now elucidated a map of neuronal input territories to OPCs in three distinct 196 regions of the mouse brain. OPCs in these territories -selected due to previously reported 197 changes in local oligodendrocyte lineage dynamics in response to neuronal activity -all receive 198 brain-wide, circuit-specific synaptic input. Strikingly, the ratio of input neurons to starter OPCs is 199 consistent across MOs, SSp, and CC, despite the much greater local axon density in CC and 200 despite higher OPC turnover rates in CC than either cortical territory. This suggests that 201 regulation of the number of neuron-OPC synapses may be intrinsic to the OPC rather than 202 specified by local neurons or other microenvironmental factors in these brain regions.
204
While the estimated number of synaptic inputs appears consistent across mapped regions, the 205 localization of these strikingly extensive inputs is distinct by location and support a pattern of 206 functionally-associated brain-wide afferent connectivity to OPCs. For OPCs present in the CC 207 genu inferior to the cingulum bundle, there is a relative bias of inputs from cortical regions 208 involved in planning and execution of motor skills, and ~ 25% of these inputs arise contralateral 209 to the targeted OPCs. While previous studies have demonstrated evoked synaptic inputs to 210 these white matter OPCs by stimulation of callosal fibers, we now provide an unbiased 211 assessment of the cortical projection neurons and interneurons responsible for these synapses,
212
as well as previously unrecognized OPC inputs from thalamocortical projections. Notably, 213 behavioral paradigms shown to alter oligodendrocyte lineage dynamics in mice, including motor 214 learning tasks and social isolation, are thought to drive dynamic changes in neuronal activity in 215 MOs and mPFC. We now demonstrate that the majority of synaptic inputs to these white matter
216
OPCs arise from these very brain regions. These synaptic inputs are also largely excitatory, with 217 immunostaining revealing a relatively small fraction of OPC inputs arising from local PV+ 218 interneurons. Strikingly, this fraction is relatively consistent across cortical and white matter 219 territories investigated here, which may result either from higher regional density of excitatory projection axons or may indicate that OPCs actively regulate the number of interneuron inputs 221 as a mechanism to maintain excitatory:inhibitory balance.
223
Our assessment of synaptic inputs to gray matter OPCs maps neuronal connectivity to this 
234
While the localization and laterality of neuronal input to OPCs varies depending on brain region, 235 the total numerical extent of input connections -as measured by input:starter ratio -is 236 remarkably consistent across territories. Given that the rate of OPC turnover in these regions 237 has been shown to vary 22 , it follows that the extent of synaptic input must be regulated by a 238 newly-generated OPC to result in equivalent connectivity. OPCs in input-deprived 239 somatosensory cortex following unilateral whisker trimming are less likely to survive in a critical 240 temporal window following division, which subsequently results in diminished generation of 241 mature oligodendrocytes 23 . Moreover, genetic ablation of AMPA receptors in OPCs reduces the 242 survival of oligodendrocytes generated during development 24 . We now demonstrate that 243 deprivation of input activity to barrel field OPCs by whisker trimming does not alter the synaptic 244 input ratios of surviving cells, nor does it impact the distribution of neuronal inputs at the time 245 point evaluated. This may suggest that the pool of OPCs giving rise to early oligodendrocytes in 246 the above studies begin from the same level of synaptic connectivity. From this baseline, activity deprivation-related deficits resulting in decreased survival may accumulate at later stages of cell 248 differentiation. Alternatively, OPCs that fail to attain sufficient synaptic input in the critical 249 window after division may fail to survive, resulting in deficient oligodendrogenesis despite 250 apparently normal starter to input ratios. An important caveat to highlight is that, using this 251 method we cannot delineate the connectivity of single cells, only the population total. This raises 252 the possibility that a mixture of high and low-connectivity OPCs could exist, and newly-253 generated cells could tend to sort into one pool or the other under the control of local factors,
254
however this possibility cannot be tested with existing methods and will remain a question for 255 future work. This discovery of widespread, functionally-associated, and remarkably stable 256 neuronal afferents to OPCs thus indicates a need to probe context-specific roles of neuron-OPC 257 synaptic connectivity and ultimately to determine the function of these enigmatic structures. 
Cre+ Iba1+GFP+
Cells/mm 2 receptor (TVA) preceded by a loxP-flanked STOP fragment and inserted into the 469 GT(ROSA)26Sor locus (R26(gp4-TVA) fl/fl ) have been previously described 14 and were 470 purchased from The Jackson Laboratory (stock number 024708). Hemizygous Pdgfra::Cre/ERT 471 mice were then crossed with homozygous R26(gp4-TVA) fl/fl mice to generate animals used in to injection conditions, and independent adjustment of atlas registration maps did not 522 substantially impact counting results. Cell counting was performed by two independent 523 reviewers on every 6 th 40 micrometer tissue section throughout the brain, and total cell count 524 estimates were derived by multiplying the number of counted cells by 6. Multichannel 525 immunofluorescence microscopy to identify starter cell populations, neuronal identity, and other 526 high-resolution imaging was conducted by acquiring Z-stacks through the target region with a 527 Zeiss LSM710 confocal microscope.
529
Statistics and reproducibility 530 Stereotaxic injections were repeated in 3 independent cohorts (litters) of animals for each 531 injection location, and both male and female mice were used. Sample sizes were established 532 based upon similar studies in the literature and were not pre-determined. Cell counters were 533 blinded to injection location, and counts were performed independently by two reviewers. All 534 statistical tests were performed using Graphpad Prism software and details of individual tests 535 are described in figure legends.
537
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The data that support the findings of this study are available from the corresponding author 539 upon reasonable request.
